SUMMARY A simple but efficient method for evaluating the channel capacity of 2 × 2 multiple-input multiple-output (MIMO) antenna systems is proposed. First, the channel capacity of a half-wavelength dipole array antenna is calculated using the Monte Carlo method by changing the incident-wave signal-to-noise power ratio, the power difference between two elements, and the correlation coefficient. Using the calculated results, a polynomial function is derived by multivariate regression analysis to estimate the channel capacity. The validity of the developed function is confirmed by comparing the channel capacity estimated by the developed function with that calculated by the Monte Carlo method using a MIMO array antenna operated under various scenarios, including antenna-human body electromagnetic interactions and radio-wave propagation environments, for future MIMO systems. The function is also validated by means of two experimental approaches: the use of radiation patterns measured in an anechoic chamber and the use of a spatial fading emulator that can create a two-dimensional fading environment.
Introduction
The increasing demand for wireless communications has accelerated development of multiple-input multiple-output (MIMO) antennas that can operate at a required high-speed transmission rate [1] . A simple and accurate evaluation of the channel capacity of a MIMO system for mobile terminals is indispensable for the success of the upcoming LTEAdvanced (4G) and 5G systems, aimed at achieving an overgigabit transmission capacity [2] , [3] . In 3GPP and IEEE, discussions are focused on MIMO systems of higher configurations, such as the 4×4 and 8×8 systems [4] . Nevertheless, a 2×2 MIMO system has a great advantage over those systems by virtue of its compactness that facilitates the installation of a MIMO antenna in the latest small handset with a tight internal volume constraint.
Extensive studies on a simple and efficient evaluation of MIMO antennas have been conducted. In [5] , a multiplexing efficiency to evaluate small MIMO antennas was proposed on the basis of a power-related measure. In [6] , a very simple method for estimating the channel capacity was proposed on the basis of the S-parameters of the antenna elements. These two papers proposed evaluation methods of the MIMO antennas that were much easier than the conventional methods. However, these proposed methods suffered from certain drawbacks in terms of the difficulties in considering the effects of the angular power spectrum of the incident waves (power distribution in the horizontal and elevation angles) and those of the antenna polarization and propagation environments [commonly referred to as the crosspolarization power ratio (XPR)]. These difficulties arose because the aforementioned two methods assumed a channel model with a uniform angular power spectrum over a whole solid angle in space. By considering the historical point of view regarding the advancement of the performance assessment of a mobile-side array antenna, a diversity antenna implemented in a small mobile terminal was evaluated using two physical quantities: the mean effective gain (MEG) and the correlation coefficient among branch elements [7] , [8] . Using these two parameters, a simple method of evaluating the diversity antenna was proposed on the basis of communication quality, such as the signal bit error rate [9] . In addition, in [10] , using the unequal median values and correlation coefficient among branch elements, the diversity effect is evaluated. The MEG and correlation coefficient can be obtained very easily from radiation patterns measured in an ordinary anechoic chamber. Hence, a method for evaluating the channel capacity of a handset MIMO antenna using these parameters is strongly desired.
With regard to over-the-air (OTA) testing, studies on fading emulators [11] , [12] and reverberation chambers [13] , [14] have been conducted. However, a large investment and preparation of appropriate implementation space are required to construct a test environment using OTA apparatus. Therefore, it should be possible to assess the MIMO channel capacity using only the radiation patterns measured in an anechoic chamber.
The current paper presents a simple method of evaluating the channel capacity of 2 × 2 MIMO systems. The proposed method enjoys the advantage of ease in treating a non-uniform propagation environment and the polarization nature of antennas. Another advantageous feature is that the proposed method uses only two parameters measured in an anechoic chamber: the MEG and the correlation coefficient among the elements. Once the MEG of the MIMO array elements and the correlation coefficient among the elements are measured using the radiation patterns measuring instrument, the channel capacity can readily be obtained using the developed polynomial function for an arbitrary signalto-noise power ratio (SNR) or multiple SNRs. Because the MEG and the correlation coefficient are obtained empirically or experimentally using a typical anechoic chamber, we can simply estimate the channel capacity of a commercially available MIMO handset that is difficult to evaluate using the simulation-based approach because it features complex circuit-board layout, batteries, and packaging. This paper is organized in the following manner. In Sect. 2, we describe the theoretical background of the proposed method. In Sect. 3, the Monte Carlo method for a MIMO array antenna is presented. In Sect. 4, the multivariate regression analysis method is presented in which a simple estimation of the MIMO channel capacity is obtained. In Sect. 5, the error estimation of the proposed method is described. In Sect. 6, the procedure of using the proposed method is introduced. In Sect. 7, the validity of the developed function is confirmed in a variety of situations, which include the effects of the human body in wideband operation and the propagation environments. In Sect. 8, the developed function is further validated using the measured complex radiation patterns of a MIMO antenna and a spatial fading emulator. Finally, a summary of this study and our conclusions are presented in Sect. 9.
Theoretical Background
The channel capacity of a MIMO system can be calculated from the following equation [15] , [16] :
where P and σ are the total transmit power of a base station (BS) and the thermal noise that appears at the handset receiver, respectively, and L = min(N, M) in which M and N are the number of antenna elements in the BS and the handset, respectively. λ i is the eigenvalue of correlation matrix HH H consisting of channel matrix H. I N is an N × N unit matrix.
Using the correlation matrix constructed by the channel matrix H, the determinant of Eq. (1) is calculated by the following equation in a 2 × 2 MIMO system [17] :
where h nm indicates the channel response between the m-th base station antenna and the n-th device under test (DUT) MIMO antenna. SN R 1 and SN R 2 in each element of the handset antenna are defined as
The correlation coefficient, defined as the absolute value of a complex correlation coefficient, is calculated as
Consequently, using Eqs. (2)- (4), the channel capacity of a 2×2 MIMO system is reduced to the following equation:
It is understood from Eqs. (3) and (4) that the SN R and correlation coefficient in Eq. (5) are derived from the instantaneous channel response; however, in practice, they are defined as the ensemble average of the channel response. Nevertheless, Eq. (5) helps us understand the mechanism or physical interpretation of how a MIMO channel capacity can be determined in terms of some crucial principal factors, as mentioned below. Equation (5) implies that the channel capacity of a MIMO system can be obtained from two physical quantities: the SN R and the correlation coefficient among the received signals. Studies have been conducted to come up with a simple formulation for the estimation of a MIMO channel capacity using Eq. (5).
In [18] , an estimation formula is derived from propagation measurements in an indoor environment. Hence, there are some drawbacks in terms of the uncertainty in assessing the channel capacity due to the spread of the measured data caused by the effects of indoor propagation characteristics (see Fig. 9 in [18] ). Further, in [18] , the formula was validated only in a specific outdoor propagation environment at a single frequency and was not tested under handset-oriented scenarios, including antenna-human body electromagnetic interactions over wide frequencies and a cluster propagation environment with a small angular spread of incident waves for application in a mobile MIMO terminal used in a smallcell system. Considering these issues, we are motivated to construct a new formula with a high degree of accuracy, as will be mentioned in Sects. 5, 7, and 8, used for the evaluation of a latest handset MIMO antenna. Equation (5) indicates that a MIMO antenna will have the same channel capacity when the three quantities SN R 1 , SN R 2 , and ρ have the same values regardless of the frequency to be tested and the spectrum of the incoming waves from a BS. We understand from this fact that the channel capacity of a MIMO antenna to be estimated (DUT) can be converted into that of a particular MIMO antenna, which can be considered as a reference antenna with the equivalent three quantities SN R 1 , SN R 2 , and ρ. However, we cannot use Eq. (5) to evaluate the average channel capacity over time, commonly referred to as the ergodic capacity of a MIMO channel, because Eq. (5) refers to the instantaneous channel capacity, which is equivalent to the MIMO capacity in the case of a sample deterministic channel realization. The goal of our study is to develop a method to estimate the average channel capacity; thus, we are motivated to develop a formula for estimating the average channel capacity by taking an ensemble average of the information rate in a random MIMO channel, such as a Rayleigh propagation environment, through a Monte Carlo method, as will be mentioned in Sect. 3 .
From this consideration, we developed the following idea: in the first step, the channel capacity of a halfwavelength dipole array antenna (reference antenna) is calculated using the Monte Carlo method by changing the incident-wave SN R, the power imbalance, and the correlation coefficient under a Rayleigh propagation environment. Using the calculated results, a polynomial function to estimate the average channel capacity is derived by multivariate regression analysis. Finally, the average channel capacity of any MIMO antenna (DUT) can be estimated by introducing the SN R, power imbalance, and correlation coefficient to the developed regression formula.
Monte Carlo Simulation
In this section, we describe a Monte Carlo simulation method used to derive the regression formula to estimate the channel capacity of a MIMO antenna. Figure 1 shows the channel model of an M × N MIMO system. M base station (BS) antennas create a set of M uncorrelated waves where each wave comprises K m scatterers, which surround N handset antennas. Thus, M uncorrelated waves are subject to the independent identically distributed complex Gaussian process that creates a Rayleigh fading. Furthermore, the correlation characteristics of the BS and mobile station (MS) regions are independent of each other. The handset is assumed to be surrounded by K m scatterers arranged in a three-dimensional (3-D) fashion, where the coordinate of the kth scatterer is shown in Fig. 2 with the handset moving toward the azimuth direction ϕ v .
To simulate a dense urban scenario, we assume a multipath environment with a large number of arrival paths. The multipath property is modeled by the angular power spectrum [19] . The distribution of each spectrum is Gaussian in terms of azimuth and elevation, expressed as
where X PR is the cross-polarization power ratio given as the propagation parameter, which is assumed to be an average value [20] . m V and m H are the mean angles of the θ-and ϕ-component elevation power spectra, respectively, observed from the horizontal direction. A V and A H are the mean angles of the θ-and ϕ-component azimuth power spectra, respectively. σ V and σ H are the standard deviations of the θ-and ϕ-component elevation power spectra, respectively. S V and S H are the standard deviations of the θ-and ϕ-component azimuth power spectra, respectively. A θ and A ϕ are the normalization constants. Using the models mentioned above, a Monte Carlo simulation [21] was performed where the channel responses of the signals for a certain snapshot of fading can be generated using random numbers. Consequently, the instantaneous channel capacity and its average value are finally evaluated as
where SN R is the signal-to-noise power ratio, defined as the SN R of each branch element when an isotropic antenna is used to receive the incident wave, which allows inclusion of the performance of antenna elements used in the MIMO array in the simulation results. λ i is the eigenvalue of correlation matrix HH H consisting of channel matrix H. S signifies the number of snapshots and is set to 5,000 in this study.
Multivariate Regression Analysis Method
In order to calculate the channel capacity that depends on the variation of a correlation coefficient, the MIMO array comprised of a quasi-half-wavelength dipole array antenna was used, which means that a single dipole antenna was installed at two different locations. The array spacing of the dipole array was varied according to the correlation coefficient to be evaluated, as will be presented in Sect. 4.1. The frequency used in the analysis was set to 900 MHz. The radiation characteristics of the dipole antenna were calculated using the method of moments.
The Monte Carlo simulation described in Sect. 3 was performed using a channel model of a two-dimensional (2-D) angular power spectrum with a uniform distribution in the azimuth, commonly referred to as the Clarke model [22] , which simulates a Rayleigh fading environment, as shown in Fig. 1 . This channel model means that we assume m V = m H = 0 • , infinitely small values of σ V and σ H , and infinitely large values of S V and S H in Eqs. (6) and (7). In the analysis of the quasi-dipole array, the X PR was set to 50 dB, and thus, only the vertical polarization was considered because the radiation pattern of the quasi-dipole array only has the vertical polarization component. Figure 3 shows the multivariate regression analysis method performed in this study, which shows that the multivariate regression analysis involves four steps [Figs. 3(a)-(d)] as follows:
(1) First, the Monte Carlo method calculates 150 combinations of the channel capacity indicated by the dots in Fig. 3 
(a). (2)
The least mean square (LMS) method is applied to the 150 combinations of channel capacity to generate lines that link points with the same power imbalance ∆G. ∆G is the ratio of the M EGs between two antenna elements with ρ as a parameter, which is defined as the absolute value of a complex correlation coefficient [22] , Fig. 3 Multivariate regression analysis method.
as shown in Fig. 3 
(b). This step creates the function C(SN R) with SN R as a variable. (3)
The LMS method is applied to the lines generated by
Step (2) to form planes that link all lines with different ∆G values with a fixed ρ, as shown in Fig. 3(c) . This procedure creates the function C(SN R, ∆G) with SN R and ∆G as variables. (4) The LMS method is applied to the planes constructed by
Step (3) to form solids that link all planes with different ρ values, as shown in Fig. 3(d) . This procedure creates the function C(SN R, ∆G, ρ) with three variables SN R, ∆G, and ρ.
The above-mentioned steps used to obtain the regression function are described in detail in Sects. 4.1-4.4.
Evaluation of the Channel Capacity
The average channel capacity defined by Eq. (9) is calculated using a quasi-half-wavelength dipole array antenna and the Monte Carlo simulation with 150 combinations of SN R i , ∆G j , and ρ k , as listed below. The values of SN R i , ∆G j , and ρ k are determined by considering the actual environment in which a mobile terminal is used.
The correlation coefficients ρ k in Eq. (10) are obtained as follows: Fig. 4 shows the correlation coefficient as a function of the antenna separation for a quasi-half-wavelength dipole array antenna, as indicated by the dots. Because no mutual coupling exists among the array elements, the correlation coefficient calculated by the Monte Carlo method exactly coincides with the Jakes theoretical curve J 0 ( βd) [22] , as indicated by the broken line in Fig. 4 . The solid line indicates the approximate polynomial function derived from the calculated correlation coefficients denoted by Eq. (11), which is expressed as follows:
Using Eq. (11), we can obtain an arbitrary correlation coefficient between zero and one by setting an appropriate separation of the quasi-dipole array. For example, the array spacing is set to 0.26 wavelengths for a correlation coefficient of 0.4. From this condition, we set the array spacing to determine the prescribed correlation coefficient.
To address the received power imbalance among elements, attenuators are connected at the input port of each element; thus, the received signals can be intentionally reduced by ∆G j . After setting the correlation coefficient and the received power imbalance, Monte Carlo simulation is performed using arbitrary combinations of SN R i , ∆G j , and ρ k , as listed in Eq. (10).
Derivation of C(SN R)
Using the 150 combinations of channel capacity mentioned earlier, the function C(SN R) is derived by the LMS method in the following form:
In Eq. (12), the SN R is given in dB as per the usual practice of expressing SN R in decibels. Further, the SN R is transformed to SN R ′ in order to shift the origin of the quadratic function to the smallest value of SN R (10 dB), as denoted in Eq. (10), to develop a simple quadratic function without a constant coefficient term. Coefficients α ∆G j ,ρ k , β ∆G j ,ρ k , and γ ∆G j ,ρ k are changed in accordance with the combination of ∆G j and ρ k . Figure 5 shows the channel capacity as a function of the SN R for a received power imbalance of 20 dB. The solid lines represent the quadratic curves defined in Eq. (12) derived by the LMS method using the results calculated by the Monte Carlo simulation, as indicated by the dots.
Derivation of C(SN R, ∆G)
The dots shown in Fig. 6 indicate coefficient α ∆G j ,ρk that appears in Eq. (12) as a function of the power imbalance with the correlation coefficient as parameters. The solid lines indicate the LMS curves derived from the dots. Hence, α ∆G j ,ρk implies the function α ρ k (∆G) with ∆G as an independent variable. We evaluated α ρ k (∆G) for the respective correlation coefficient ρ k . Furthermore, the same procedure is applied to coefficients β ∆G j ,ρ k and γ ∆G j ,ρ k that appear in Eq. (12) to obtain the following resultant formulation:
∵ ρ k = 0, 0.2, 0.4, 0.6, 0.8, 0.9 .
Equation (13) implies that α ∆G j ,ρk , β ∆G j ,ρ k , and γ ∆G j ,ρ k , defined by the discrete values of ∆G j and ρ k , are transformed into α ρ k (∆G), β ρ k (∆G), andγ ρ k (∆G), respectively, which are defined by the continuous value of ∆G. Using Eqs. (12) and (13), we obtain the regression formula C(SN R, ∆G) that provides the channel capacity calculated from the arbitrary SN R and ∆G for the respective ρ k .
Derivation of C(SN R, ∆G, ρ)
The dots shown in Fig. 7 represent β 0ρ k in Eq. (13) as a function of the correlation coefficient. In Fig. 7 , the correlation coefficient is transformed into the following equation:
The LMS method is applied to β 0ρ k to obtain the function β 0 ( ρ ′ ) with ρ ′ as an independent variable. The results are shown by the solid line in Fig. 7 . Further, the same procedure is applied to the other coefficients α 0ρ k -α 3ρ k , β 1ρ k -β 3ρ k , and γ 0ρ k -γ 3ρ k to derive the quadratic equations with respect to ρ ′ in the following form:
Therefore, we obtain the polynomial function C(SN R, ∆G, ρ) that provides the channel capacity for the arbitrary values of SN R, ∆G, and ρ in the following form:
where SN R and ρ are transformed into SN R ′ and ρ ′ . Table 1 , which are rounded off to four significant figures using the coefficients obtained from the double-precision calculations using MATLAB. We confirm that the coefficients listed in Table 1 are sufficiently accurate in estimating the channel capacity using Eq. (16), as will be presented in Sects. 5, 7, and 8. In this paper, the quadratic function denoted by Eq. (16) is used because the channel capacity increases monotonically with an increase in the SN R (expressed in decibels), as shown in Fig. 5 . This fact suggests that a quadratic function has a high degree of accuracy for the regression formulation. In order to confirm this supposition, we attempted to use high-order functions in creating the regression functions, as mentioned in Fig. 20 in Sect. 7.2.
Error Estimation of the Developed Polynomial Function
In this section, we evaluate the estimated error of the developed polynomial function with the coefficients shown in Table 1 by comparing the channel capacity estimated by the developed function with that calculated by the Monte Carlo method. We call the channel capacity calculated by the developed polynomial function Eq. (16) as REC (regressionbased channel capacity) in the discussion that follows. Figure 8 shows the 3-D picture of the REC and the Monte Carlo results when ρ = 0.6. The REC creates a smooth surface representing the estimated channel capacity, and the Monte Carlo results approximately coincide with the surface. The estimated error is evaluated by subtracting the channel capacity calculated by the Monte Carlo method from that calculated by the REC using the 150 combinations of channel capacity defined in Eq. (10) . Figure 9 shows the error distribution of REC in 3-D when ρ = 0.6. Figure 10 shows the error distribution of the REC when all sample points defined by Eq. (10) are evaluated. Figure 10 shows that the error distribution agrees approximately with the Gaussian distribution as denoted by the red curve. The results are summarized in Table 2 . We find that the average value is zero, and the standard deviation is 0.14 bits/sec/Hz, indicating that the REC has a high degree of accuracy for evaluating the MIMO channel capacity.
Procedure of Using the REC
This section introduces the procedure of using the developed polynomial function (REC) in Eq. (16) .
The procedure of using the REC is as follows:
1. Obtain the complex electric field patterns of a DUT antenna 2. Calculate the power imbalance and correlation coefficient 3. Estimate the channel capacity using the REC The procedure is described in detail below.
FIRST STEP: Evaluate the Field Pattern
The complex electric field pattern of a DUT antenna is obtained by either the analytical or experimental method. For analytical purposes, the complex electric field pattern of the DUT is calculated by the method of moments or the FDTD (finite difference time domain) method. On the other hand, for empirical purposes, the complex electric field pattern of the DUT is measured in an anechoic chamber, where the commercial MIMO handset can be tested; thus, the evaluation that takes the complicated circuit-board layout, batteries, and packaging into consideration is available. We implement the two options mentioned above in Sects. 7 and 8.
SECOND STEP: Calculate the Power Imbalance and Correlation Coefficient
The M EG of each branch element of a MIMO antenna and the correlation coefficients among the elements are calculated using the complex electric field obtained in the first step mentioned above by assuming that the distribution of the incident waves spectrum can be expressed using Eqs. (6) and (7). The received power imbalance ∆G among the elements can be obtained from the M EGs. The derivation of these quantities is summarized by the following equations [7] , [8] :
where G θ1 , G θ2 and G ϕ 1 , G ϕ 2 are the θ-and ϕ-components of the antenna power gain patterns of Elements #1 and #2, respectively. E θ1 , E θ2 and E ϕ 1 , E ϕ2 are the complex expressions of the θ-and ϕ-components of an electric field pattern, respectively, which include the phase difference due to the antenna displacement. P θ and P ϕ are the θ-and ϕ-components, respectively, of the angular density functions of the incoming radio waves defined by Eqs. (6) and (7). The angular density functions are set by referring the measured characteristics of incident waves in multipath environments at the place where REC is evaluated. The M EG and the correlation coefficient can be obtained from the complex radiation patterns calculated by the method of moments or measured in an anechoic chamber using Eqs. (19) and (21). Thus, the mutual coupling effects in the M EG and the correlation coefficient are included.
THIRD STEP : Estimate the Channel Capacity
The SN R used in Eq. (16) should be calculated. Because, SN R in Eq. (8) is the signal-to-noise power ratio of each branch element when an isotropic antenna is used to receive the incident wave, the SN R should be changed to the following equation when Eq. (16) is applied to the DUT:
where M EG d and M EG t are the mean effective gain of the half-wavelength dipole antenna presented in Sect. 4 and that of the DUT, respectively. The half-wavelength dipole antenna is set in the channel model of a 2-D angular power spectrum with a uniform distribution in the azimuth, as defined by Eqs. (6) and (7) . Therefore, M EG d has a constant value of 2.15 dBi. However, M EG t can be calculated in a 3-D power spectrum using Eq. (19) . SN R i1 indicates the SN R of the incident waves at the input port of the DUT, and SN R i2 is the SN R to be substituted into Eq. (16) . This transformation with respect to the SN R is needed because the channel capacity is determined by the SN R at the output port of the array antenna in Eq. (5), whereas the SN R that appears in Eq. (16) is defined as the SN R at the input port, which is equivalent to the incident-wave SN R.
An example of the application of Eq. (22) is given as follows: we assume that M EG t = −3 dBi and the incidentwave SN R of the DUT SN R i1 = 20 dB. Because the M EG of the half-wavelength dipole antenna used in this study is
85 dB, which is to be substituted into Eq. (16) .
From the procedure mentioned above, all the necessary parameters for using the REC in Eq. (16), i.e. SN R, ∆G, and ρ, are given.
Validation of the REC Using Calculated Radiation Patterns
In this section, the validation of the REC using calculated radiation patterns is described. Two cases are presented for the application of REC to confirm its validity in considering the possible usage scenarios of MIMO antennas, which include smart phone-type handsets used in a browsing position and the upcoming LTE-Advanced and Beyond-4G systems operating in a small cell. Two significant aspects are included in the consideration. One aspect is the electromagnetic interaction between a MIMO antenna and the human body under a wide frequency band operation. The other aspect is the effect of radio-wave propagation environment used in a MIMO system, particularly with regard to the narrow angular power spectrum of incident waves, which is commonly referred to as a spatial cluster multipath environment [23] .
Estimation in a Browsing Position over Wide Frequencies
As mentioned in Sect. 2, the channel capacity of a MIMO antenna can be estimated using REC regardless of the frequency and the spectrum of incoming waves from a BS. To confirm this assumption, a handset MIMO antenna in a browsing position is analyzed using the 3-D channel model presented in Sect. 3 over a wide frequency band. Figure 11 shows that the handset model comprises a quarter-wavelength monopole antenna and a planar inverted-F antenna (PIFA) [7] , [8] , which are designed for the 900-MHz frequency. The analysis is carried out in the frequency band between 800 and 1000 MHz using the method of moments, where the user holds the handset in a browsing posi- tion in front of his/her body. The dispersion (σ V , σ H ) and mean angles (m V , m H ) of the incident waves are set to 20 • and 40 • , respectively, using Eqs. (6) and (7). The angular spectrum for the azimuth angle is assumed to have a uniform distribution, which is equivalent to infinitely large values of S V and S H in Eqs. (6) and (7). Figures 12 and 13 show the M EG and the correlation coefficient calculated by Eqs. (19) and (21), respectively, as a function of the frequency with X PR as parameter. In Fig. 12 , M EG 1 and M EG 2 denote the M EGs of the monopole antenna and PIFA, respectively, where the difference between them indicates the power imbalance.
In general, the X PR changes significantly depending on the mobile locations under different radio-wave propagation environments. Hence, Figs. 12 and 13 imply that we must consider various possible locations where a handset can be used under a very realistic situation. The figures show that the M EG and the correlation coefficient change significantly with the change in the X PR because the monopole antenna dominantly radiates vertically polarized waves, whereas the PIFA radiates mixed vertical and horizontal polarization waves [7] , [8] . This phenomenon is supported by the fact that, in Fig. 22 in Sect. 8, the XPD (cross polarization discrimination) of monopole and PIFA are 7 dB and 0 dB in free space, respectively. Further, Fig. 12 shows that M EG 2 has a smaller magnitude than M EG 1 because the PIFA has a larger electromagnetic effect than the monopole antenna because of its proximity to the human hand [7] . Figure 14 shows the comparison between the channel capacity obtained from the REC and that from the Monte Carlo simulation. In Fig. 14 , there are some discrepancies between the REC and the Monte Carlo simulation. However, these discrepancies fall off within the estimated error in the REC, given in Table 2 in Sect. 5. Hence, we conclude that in all the evaluated X PRs, the REC results agree well with that of the Monte Carlo simulations, implying that the REC can be used in various propagation scenarios with different X PRs. In Fig. 14 , we note that although the REC is designed for the 900-MHz frequency, it coincides with the Monte Carlo simulation with high accuracy over a wide frequency range between 800 and 1000 MHz. Further, although the REC is designed using a 2-D channel model, it can be used for a MIMO antenna operated in a 3-D channel model. The facts mentioned above validate our assumption that the channel capacity is mainly determined by the three significant parameters, namely, SN R, power imbalance, and correlation coefficient, and is not a function of the frequency and the channel model to be evaluated, as presented in the theoretical background in Sect. 2. We conclude that the REC can be used at various frequencies allocated to existing and future cellular MIMO systems, such as the 2-and 3.5-GHz frequency bands operated in a 3-D channel model.
Estimation in Cluster Environments
In Sect. 7.1, the REC effectiveness was verified using a channel model of a uniform incident-wave distribution in azimuth. In this section, we confirm the validity of the REC using a cluster channel model with a small angular spread of incident waves. This environment may be encountered by a MIMO handset in a small cell, commonly referred to as a street microcell, where future MIMO systems will be operating [23] . Figure 15 shows the relationship between the array arrangement and incident waves that exist only in the horizontal plane, which means that we assume m V = m H = 0 • and infinitely small values of σ V and σ H in Eqs. (6) and (7) . The MIMO array comprises three-element Yagi-Uda antennas, as shown in Fig. 15(a) , constructed with single Yagi-Uda antennas installed at two different locations. The array spacing between the feed points is set to half-wavelength in free space. The frequency for the analysis is 900 MHz. Figure 15 (b) shows the two arrangements considered, which are referred to as X-alignment (where the array is aligned in the x-axis) and Y-alignment (where the array is aligned in the y-axis), with a half-wavelength spacing. The incident wave of the vertical polarization is modeled as a Gaussian distribution with an angular spread S V in the horizontal plane using Eqs. (6) and (7). Figure 16 shows the θ-polarized radiation patterns of the Yagi-Uda antennas for Elements #1 and #2 in the xyplane calculated by the method of moments. The Yagi-Uda antennas face each other so that their radiation patterns point in the opposite directions. This configuration allows us to achieve power imbalance condition when the angular spread of the incident waves becomes narrow. Figure 17 shows the M EG as a function of the angular spread of the incident waves. A M EG evaluation method in a cluster environment was presented in [19] . Because the incident waves illuminated the Yagi-Uda antennas in completely opposite directions, a maximum power imbalance of 19.2 dB was observed when S V = 10 • . Figure 18 shows the correlation coefficient as a function of the angular spread for the X-and Y-alignments. The correlation coefficient for the Y-alignment is smaller in magnitude than that for the Xalignment, which implies that in a cluster environment, the channel capacity can be varied depending on the direction of the array alignment with respect to the incident waves. Figure 19 shows the REC at SN R = 20 dB in the case of the X-and Y-alignments shown in Fig. 15(b) using the M EG and the correlation coefficient shown in Figs. 17 and 18, which correspond to the respective angular spreads. The channel capacity calculated by the Monte Carlo simulation at 900 MHz is also plotted in Fig. 19 for comparison. Figure 19 shows a good agreement between the REC and the results calculated by the Monte Carlo method. We also note that although the REC is designed using a channel model of a 2-D angular power spectrum with a uniform distribution in the azimuth, it coincides with the Monte Carlo simulation with a high degree of accuracy in the cluster environment and ρ = 0.9889, respectively, as shown in Fig. 19 , which exceed the limit of ρ = 0.9 applicable to Eq. (10). We also determine that even when S V = 30 • exceeds the same limit in the X-alignment where ρ = 0.93, the REC error is relatively small, indicating that the REC can be used at around this ρ value.
As discussed in Sect. 4.4, the effectiveness of the use of high-order functions in creating the REC is closely related to the degree of variations in the channel capacity. On the basis of this assumption, we attempted to construct the high-order REC functions in the case of X-alignment because there is an abrupt variation with changing S V in this case, as depicted in Fig. 19 . Figure 20 shows the comparison of the REC when the high-order REC functions, accomplished in the same way that Eq. (16) is created, are used in the case of X-alignment. In Fig. 20 , the square, triangle, and circle symbols indicate the REC when the 2 nd , 3 rd , and 4 th -order functions are used for creating the REC. We note in Fig. 20 that although there is a little discrepancy in the REC for the different order of the functions when S V = 10 • and 20 • , the discrepancy among the three cases is very small when S V greater than 30 • . This fact indicates that the quadratic function denoted by Eq. (16) has a high degree of accuracy.
The above-mentioned results show that the validity of REC is verified by using the radiation pattern calculated by the method of moments when the incident wave is distributed in a cluster propagation environment.
Validation of the REC Using Measured Radiation Patterns
In this section, the validation of the REC using measured radiation patterns is described. As described in Sect. 4.1, the principal parameters of the developed REC function comprise SN R, ∆G, and ρ; X PR is not included. The power difference caused by the variation of X PR can be attributed to the changes in ∆G and ρ, as shown in Eqs. (19) , (20) , and (21) . In order to confirm this assumption, the validity of REC is verified when the X PR is varied on an experimental basis.
The handset model comprising a quarter-wavelength monopole antenna and a planar inverted-F antenna (PIFA) [7] , [8] are used. The dimensions of the handset are shown in Fig. 11(a) . The frequency used for the measurement is 900 MHz. Figure 21 shows the measurement setup in an anechoic chamber. In order to calculate the correlation coefficients among the elements, it is necessary to accurately measure the complex radiation patterns. With regard to mobile handsets, however, the use of a metallic coaxial cable in the measurement might greatly influence the measured results of the radiation pattern. Therefore, the complex radiation pattern of a DUT antenna is measured using the optical-fiber cable measurement system [24] . Figures 22 and 23 show the measured and analytical results of the amplitude and phase distributions in the horizontal plane (xy-plane), respectively. In Fig. 22 , the black solid line represents E θ , while the red broken line represents E ϕ , which denotes the electric field directivity of the antenna element for the θ-and ϕ-components, respectively. As can be seen in Fig. 22 , the measured amplitude distribution obtained using the optical-fiber cable system agrees sufficiently with the analytical results.
In Fig. 23 , the profile is defined as the phase difference between the monopole and PIFA in the xy-plane. The black solid line represents the measured results, while the red broken line represents the analytical results, respectively. As can be seen in Fig. 23 , the measured phase distribution is in good agreement with the analytical results.
Using the measured complex radiation patterns, the M EG of each element and the correlation coefficients among the elements are calculated using Eqs. (19) and (21) , respectively, in which the incoming radio waves with a uniform distribution in azimuth are assumed. Figure 24 shows the 2 × 2 MIMO channel capacity of three cases as a function of X PR: REC using the measured complex radiation patterns, Monte Carlo simulation using the complex radiation patterns calculated by the method of moments, and measured results using a 2-D fading emulator that can create a 2-D fading environment [25] . As can be seen from Fig. 24 , the channel capacity estimated by REC using the measured radiation patterns is in good agreement with the analytical results of Monte Carlo simulation and the measurement results by fading emulator, demonstrating that the REC is validated.
Conclusion
We have proposed a simple and efficient tool for the evaluation of 2 × 2 MIMO channel capacity. The effectiveness of the developed REC function has been confirmed using a MIMO array antenna in various usage scenarios, including the antenna-human body electromagnetic interactions and radio-wave propagation environments, for future MIMO systems operating in small cells.
In this study, we evaluated the REC using the M EG and the correlation coefficient calculated in an analytical manner using the method of moments. The validity of REC was also verified using the measured results of two empirical methods: the use of radiation patterns measured in an anechoic chamber and the use of a spatial fading emulator for deriving a 2-D fading environment. Hence, the channel capacity can be estimated using the REC in an empirical manner without requiring a large amount of computer and human resources. This characteristic is particularly useful for engineers in the frontline who are responsible for development and design activities in a factory.
Our future study includes the evaluation of REC using 3-D radiation patterns in an environment with various angular power spectra in the small-cell systems under development. We will continue the study on these subjects and present the results in separate papers.
